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ABSTRACT

This paper auggeats ● revised measurement con-

trol program (t4CP) for balanrea ●t the Loa
Alamos National Laboratory plutonium facility.

The revised MCP is baaed on an ●nalyaia of dtta
taken from June 1981 through August 1983. She

most important tinding in our study ia that sig-
nificant measurement bias occurs in nearly every
balance, An important cauae of this bian haa

been traced to truncation ●rrorg, ●nd a detailed
discussion of the effects of truncation errora
is presented. UC ●lso dincuss othrr sources of

bias ●nd their resolution, ●nd finally, we aug-
grst methods for determining ●ccuracy, preci-

oio,.i, and randomness of wssurementc of weights
●nd the respona? to failurea of statistical

teatn.

INTRODUCTION

Each facility under thr aunpices of the
Department of Energy (OOE) is required to lmnlc-

m~nt ●nd maintain a meenurrmrnt control program

(MCP) for all instrumentation usrd to measur?
special nuclear material (SNM). Such ●n MCP

for balance~ hae been operating ~ince 1978 at
tl,e Los Alamos Plurnniurn Pruccsning Facility.
Thin paprr r~views, •nn~nsec, ●rd r?conwrwrrdn

improvrm?nto on this MCP, Th@ study is bas~d
on 2 yeara of accum(,latrd !4(:1’ data on 25 bal-

● ncea.

C.JRHF,N’I BALAN(’E M(:P

ThrI LUS Alsrnos MCP for hnlances cunforrnn
tn ~pecificationr of DOE Ord?r 56’10,7, Section
36, w)} lch specifies that , whcr~ practicable,

“All ar’al~a ●nd halanc~n shall be maintained in
gund woriinti condit ioo, and cnlihrnted pursuant

to an cntotrli:hrd control ilrogram. ” Th@ @xiot-

ing Lnn Alam(>n MCP fur halanc-s) io baa*d on

. ..-—
*Work oupportod hy the IIS Department of Energy

(OOE), Offic~ of Saf@R~l#rdn and fi?rurity ● : part
of ●n cffori to improve thQ nv*rall quality of

MIII’I at DOE faciliticfi,

measurement using weights traceable to NBS
reference standards, Instruments cannot be used
for accountability measurement unleaa they have
paaaed accurocy checks vithin 24 hours or pre-

cision checks within 7 days. The ●ccuracy and
precision data &re evaluated upon entry in ●

central computer ●nd presented monthly in the
form of control plots and data cummariea.

The commercial ●lertrc,nic balances ● re
typically 5-kg capacity and O.1-g-readout. Cal-
ibration i- done with known standard. whose
weights ● re ~1 kg ●nd +4 kg. These same
standards ● re used in che 5 days/wk ~rcJracy

teata ●nd the 1 day/wk precision tests. A de-
scription of these te~tc follows. (See Ref. 1
for more complete details. )

Accuracy teats ● re made on each baIance for
each weight by computirg

w -w
““a

za-———
0,15 ‘

where Wa io the meaaurrd valur for t atandar+
weight (%1 kg or ~14 kg), W it the “k,,uwn” valu~
of that weight, ●nd 0.15 g in th~ h]~to, ical

ttandard deviation of Wa that is ●pplied tn
●ll halanc~a, It ih ansumcd that 2a ifi distrib-
uted normally with ZrIII mean auri unit varianco

Let the computed valurI of Za be drno[ed an Zil;
th=rr if Izal ~ 1.96, the ●ccuracy t@Bt lR
repratcrf, For any teat, if Iznl ~ 2,!)8,
●n ●rtictn m?anage ia Rivrn ●nd the balance IB
repairr[! *rid/or teral ‘hrn~od,

al

u-+
P 0.08

where at it th, aarnple vatiance of fivr m*anure-
menta of the w~ighr, ●nd 0.08 g ia ● hiutotiral
atanr!ar? d~viatiun nf Irpeatod mraa,)rcmotttc tha!



i- ●pplied to s11 bcrlances, The day-to-day dis-

tribution of Wa is =stumed to have ● standard
deviation of 0.15 g, but the distribution of

measured values of ● standard weight taken with-
in ● day has ● ntandar~ deviation of 0.00 g.

Acsume that 4UP has a Chi-squsre distribution

with 4 degrees of freedom. Let up denote ●n

observed value of up. The balsnce it retested

if up ~ 2.37. An sction message is issued if

‘P~ 3“32’
●nd the balance is repaired ●nd~or

reca!.brated.

Tbi. MCP has served well and han ‘.dencified
faulty balances since startup ir, 1978; howcvar,

it has aom- shortcomings. In the following sec-

cion, these ahortcominga wiil be explored ●nd

potential FtCP impruvementa will be diarussed.

REVISED 3ALANCE MCP

Our rev!e.ed balance MCP includes qualitv
control meaau~es that would addweaa five major

oroblcm areas,

‘(l)

(2)

(3)

(L)

(5)

Bias. What is the bias for each measuring

=ce and is it aigflificantly differfrlt

from zero? For u p.srt.icular baldnrc •c~ a
standard weight, biaa ia defined as ths
difference between the mesn of the observed

weighing ●nd the true v~lue of the u?ight.

Accuracv. Is ● particular weight measure-. ..—
~ent sufficiently ●ccurate to indicate the
balance is operating corretitly? Accuracy

ia defined ● s the difference hetveen a!)

observed mcnsure of weight and the actual
weight.
Precision. Do repeated weighings indicate,. ----- —
nati6factorv Drecision? Precision in ●,.
mca8ure of th~ short-term repr.ducihility
of ● balance.
Random Psttern. DCI wriRht meanurementn.
have a rand=patt~rn rf~ring ● specified
timr frame? In gpneral, day-to-day weight

m~anuremrrrta ohould behave La ● random
famhion ●nd allow neithr. oscillations nor
trend~.
~ailure Fteql!rn~, In a balance failing L
preclnionb ●ccuracy, or rand[m, pottern tect

too frequently? The re~aon could reflect

a tranrncription ● rr<) WI thr part. of ● n
op?rator or it Colll 1 indicatr that the
halancr ncrdfl r~pair or r,~,miit,ratiol],

TI)sI followinu discuafiion deocriben Lhe
rrc~JnmI*nrtFrl M(:P tha’ will nnnucr the above qu*n-
tiona, Cmr prplimiuaty findinl;rn ● re haned on ●

l[udy of data obtnined ftom ?5 halancea from
June 1981 throw~lt AIIRUSt 19H11. App[t,ximato]y
60 balanc~a wet? auhj~ct?d to th? curr~nt MCIJ;

however, to improve the credibility of our re-

nulcsi, we examinad oniy those balancea that con-
tributed mt leaat 90 data points. Recalibration
dares wexr determined from log books made ●vail-

●ble by the Nuclear Material Operation Croup
● t t)le plutonium facility. Information computed

from the current MCP includes the number of rfaya
bet~een recalibration, ●nt+ meana ●nd standard

devimtior>a of differences between measured
weights of atandarda ●nd their ●ccepted valuea.

BIASES IN BALANCES

The biaa for each balance ia ●stimated by

●veraging the difference between measured ●nd

standard veigh~a over ● 2-yeaz period. The

estimat~d bi~* for ~ach balance ia ahown in
Fig. 1, The SL ,dent’a “t” teat was ●pplied for

each balance ● t the 0.05 ~~obab~lity level.
Balancea B-19 ●nd B-20 ● re col,sidered “unbiased”

(iero bias) when aeighing L-kg weights, ●nd

B.07 ●nd B-09 ●ppear to be “unbiasud” for l-kg

weiRhts. B-09, B-16, ●ud B-33 ● re borderline

caoea foa 4-kg weights. All other balmncea have

significant bias. The ●verage bian for ●ll
Lralsrcee ie -0.02583 g for b-kg weights ●nd
-0,0152 g for l-kg weights.

Figure 1 ahowa that balance bias St the
4-kg leve 1 variea from -0.135 g (B-23) to
+0,066 g (B-36). At the l-kg level, the biaa
range@ from -0.10tJ g (B-34) to +0.093 g (B-Oi).
140@t of these biaaes are negative. This phe-

nomenon has been ●ttributed to a truncation
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mechanlam characteristic of t!)e balanc~s that

is explained further in the next section.

TRUNCATION EFFECT ON BIAS

Often the causte of bisa ●re known, but
estimatez of contributions of these causes ●re

unknovn. In this study we know that truncation

(dropping the last digit from the displayed
readings) is ● cause of bias, ●nd we ‘en ●sti-
mate that on the avelage its contribution is

-0.C5 g. This tection discusses ramifications
of the truncation problem.

Most of the balances studied have tenth
gram readout. The weight displayed is ● trun-

cated value , whereas the sLa!ldard weight is
known to the nearest hundrrdth of ● gram. Dif-

ferences between readings ●nd the standard
uei&hts reflect this truncation effect. An ex-

wnple of the truncation effect is ● s follows.

Consider a balal,ce that has e staadard with

weight 995.89 g. Any measured value, x, that
would result in 995.80 : x < 995,90 would ;.,,ve

a readout of x - 995.8, ●nd the bias would be
equal to -0.09 no malter what digit occurred in

the hundredth position, Thu6 , it it intuitive
thst such truncation will give neRativ@ bia6.
It can be shown theoretically that for balanceo

in this 6tudy the ●verag! bia6 generated by

truncation is ~-O.05 g.

The truncation-introduced bias of +0.05 g

also can be SI)OWTI empirically. Conmidt.. duta

from B-08 and B-09, rrrorded during Aug,lr.: and

September 1q83, to the n~arcrnt hundredth gr~m.
The comparirn(m with truncat?d reac!ing6 is giveu
in Table 1.

The resultn in Table I behave ae expetted

in ●ll four casee. Correction for truncation
r@ducc6 the average bias by ~0,05 g f~JI all
weiRht~, This c.]rrrction ie linterl an A in

Table I and roprenrnts th~ d, ffetenc~ h?tween
ob#erv~d blnn, relatively frPQ rrf truncation
effects, and bian including truncatierv ●ffects.

CURRFNT 14(:1) AND BIAS

When the current MCI’ wan rwtmhli ahed in

197flI ●ll [If t~l@ b~lan~ps •~var~’fl to b- peT-
forrning properly; thnt 10, tllrro u~rr no “bad”
bslances. on the other tland, it wan olwioua
that tll~ me~cu.emenl standard drviatioo u wao
differ?nt for the two diffe.i~!lt otandtrda, In

sddition, otandard rf~viativrtti w~re diff@rrnt
●mong th@ balanc~a. This sugKeots usina dif-
f~rcnt standard d~viat ione Ior tootm on ●ach

weight ●nd ●ach balance. Hctweve?, for conveni-

ence in implementing statistical testing proce-

dures, the decision waz m-de t? uae only one
value for the standard deviation for testing

purpoces. The value @ = 0.15 was selected.

The truncation bias was not considered It
that time. This oversight has little cdverse
●ffect on decisions made from accuracy tests
becau.c the inflsted value a = 0.15 is used.

The following three cases illustrate dif-
ferences i,, three ●pproached to the accurLcy

t?st. B-23 tested with ● attindard weight of
/308,17 g has an observed bi?s of ‘0.135 and

6 ● 0,11. Here o ie e6timated by 6, the ●verage

standard deviation over ●ll recalibration. sup-

pose the meaaured value for tile stcndard is

4007.LI.

Case 1: Current MCP..-.— ——- -

The accuracy Lest would compute

4007.8 - 4008.17. ——----- —- -2.kl ,
‘a 0.15

and g second test would be necessary.

CaOe 2: Current P;CP with “correct” o—.-. -- .- ._—-.—- .-—- . .-—. —-

If o = 0.11 weie ~ted

4007.8 . (4008.17) _ -3 J,
z

a 0.11
,,

leading to a rocaiibrntiun.

Case 1; S,ly&\?6ted MCI],. -.
‘b:sing a ~i~u-”-~-q~sl to -0,135 ●nd o = 0.11

6ivem

●nd ● second test would be required,

The MCP tent decinion wnn the sat ! for

Can? I .ct.rrenl MCI’) dnd Case J (tevltPd MCk’)

br.raunr of the inciualon of trull~~tl[)ll birnn In

the infl-ted o = (),15.

ACCUWCY

In the revincd MC}’ it in r~c[,mmrndorl ~hnt
o cntimat-a for ind~vidtlnl halaucen (and for
different otsnrlards) Ire used fnr t~ating. If
this is not ~,~artiral, we eulp,ost O.lh be aut>-

etitut~d for 0.15 in the 4-kg tlatc and f.i,t)Q for



TABLE I

COU.PAFUTIVE ESTIHATES OF BIAS FOR B-08 and B-09
FOR AUGUST ARD SEPTEMBER 1983

B-fJ8

n
Mtan
Std. Dev.

1 kg (std = 999.55 g) A kg (std =4001.57 S)

Bias A Biaa &
.— .
~Measured) (Truncate~

.—
~ (tteas~red) (Truncated~ ~r~.—.— - —.

32 32 32 32

0.155 0.116 0,039 0.043 -0.004 0.047

0.052 C.060 0.089 0.097

B-09

~-~.td = 996.66 g) && (etd = 3995.83 g).—. .-— ——.— —. ———.

Bias

-.. {.T~u~Eatc~ Diff~rence fi;;;L;;d?-a%<~;;8

A
—- .-—---- . ..- ———
(Ffeasured)

-—_—
Difference—— — .-—- --- .—.— --— —

n 32 32

t4ean 0.102 0,053 o.olb9

Std. Dev. 0,034 0,034

l-kg tests. Thesr valuea repr~aent the largest

standard deviations for each weight category ● s

abown in Fig. 2, which is a plot of bias and
stanriard deviation pairs for each bu lance.

Truncation blaa c~n be determined and sub-
tracted from obnerved standard weight valuea

before testing for ●ccuracy, or truncation bias
can bc reduced to innig.ificant levels by re-

placing balancea with O.01-g readout balances,

PRFCISION

The prrcisiun tpnt in tnc current HCP cuf-
f~rs from chooning 0 p = 0.08, ● valt}e that
is too large, ?he ntandard deviation of (iv?
nuccpaaive meamurement~, taken over a 30-min
period, ia uo Bmall that Oflen the r\peated
mras\l.rmrntn ar? identical. FiRwre 3 g:ves ●

control plot ft}r B-05 in April 1983. I’reci6ion
l?ots wfrr run frrtlt times rfuri,lg the month on
h(ILh l-kR ●nd 4-kg standard wrigllta for ● total
of ?ight teats. only on~ time out of eight are
tile repeated rneanurrmrnta nonidentical.

If s:anrlard deviation for five accuracy
moaaur-merrti taken on oeparate daym of the week

● rt calrulat?rf, LIp = C,IO for L-kg toata ia
●ppropriate. we srJgReat ttlat th? preciairrn

32 32
0.063 0.026 0.037

0.103 0.107

teata be made on the previous five uccuracy
mea~urementn rather than repeated meaaurementa
taken on ● single day. This procedure would

lead to 4 auvirrg~ of operator time becaJae the

n~me data can be used fur both #ccuracy .nd
precision tetting, Furthermore, becauae the

tcot. ia made daily, this procedure reducec the
risk that the balance will become erratic vit.h-

otit det~ction during the week’s intervai between
pre:icion teatt.

A ●smple of 566 precision tents during ttlr

period from July throu,qh Septemb~r 19d? yieldrd
onlv two failure.. on both occaoions the oper-
● tor redid t!re teet with ~urce~aful outcomes.
Th@se reaulta auRgeat thct the curre.lt proc inion
teatc ● re unnrceaamrj.

RANDOM PATTkRh5

The current MCP has no teat for randumnea~
on day-to-day menaurementa of weiglltl, W? pro-
pf.)~r tO :orl@ct thig aituatlon witll a mean
Rquarr ●ucceaaivc diffcrenc~ t~st (ace He!. 2,

p. 221) to be csrricd out on ● daiIy baciu, Ihr
sequence consiota of dropping the firat poinf
and ●dding ~h~ last over 20 days of mranurcment
data. COmplltatIOnal Wrorcduree ●L1d ●n ●narnpl?
follow.
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FiE, 2. Bias VS standard deviation of :-eight

for l-kg and G-kg weights in 25 oif.
ferent balances.

The mean square successive difference .est
teato the hypothesis that succeaaive measure-

ment- OVer tlM@ are rsndom in natt,re vd tl,e ●i-

ternative hypothesis that data ●re “not random”
to the extent that succeaaive differences ●re
too small or too large. LarEe positive valuea
of the #tat iritic Z given below indicate oscilla-
tions, ●nd largf negative valuel indicate that
each obaervatiorl tends to rcse.nble the previous
observation (poaiti)e aerial correlation).

The fol’.owing computations are made.

H
r. 2

;x:- 1 xi in

,2 . i-1 i-l
‘- ‘(n-”TJ”’-———

n-l

} (Xi+l - Xi)z

dz ‘i-!(nl i)__ , ●,,J

d2/2 ~.-. .— -
2

z - ~~~~-“ . . ___... . .. ___ _ t
ii n -2)/(n2 - 1)

uhrre the rlis~,rit,ution of Z it approximated by

Llle standard nor.tiel diotributic~n. According to

4

.I

32

1

0

~:

.——

—.— .— —.— .— .—.-— .——_ ._

0

-+ -----– -- - --- -+-- --J
Fig 3. Precision control plot for B-05,

April 1983.

Brownlee,2 this approximation works well for
n > 10. If the false-alarm probability ie
0.01, the hypntheaia of random,~eaa LS accepted
if lzl < 2.58; otherwise it ia rejected.

A set of 20 contrived data pointa is given

in Table 11 to illua:rate a aitucrtion in which
the mean equare aucceatiive difference teat can
be app)ied. Inspection of the accuracy control

plots revsala ●n abrupt shift from ne~ative to
positis~e dif~erences betweetl measured and at~nd-

ard weights, However, the data pas6ed the cur-
rent MCP teats,

The memn square successive difference test

●pp~ied to the data in Table 11 p~ve8

nm20
S2 - 0.0265
d2 w 13,13f)99

z - -3,82,

The value of z itr negativr indicating s
posirie srrial correlation in the data al]d a

recalibration should be required,

RESPONSE TO FAILURES OF STATISTICAL TESTS

Rrcalit)rstioi,s ●rid/or repairt are made in
re#p~r)6r to repeated failures of the ●ccurncy

•i~d preci6ion temtc, Th? recommrndnt ion for rhr
reviapd MCP it to consider ● balance ● n d~fer-

tive if th? ●veraRc n.,mber of days betw@etl r~-
calibrationn ~a <20, Fur coavpnience, the final



A lC1 Of CC41T’SIWDMIA fOIM’t$

ti..waclonz-u-wa -1 *,*,.,11.” 1 -u . u 1 -1
hber ●i ,.1 i _&b~ i+l A~

1 -0.15 o.!* 0.2)
2 -0.1! o i> -0.05 -o.lb
3 -0.10 -0.0s 13 0.21 0,?6
4 -0!17 0.01 14 0.21 0.01
5 -0.1$ 0,01 1} 0.18 -0.06
* -0.10 -0.01 16 0.11
7

-0.01
-0.14 0.04 17 0.17 O.w

1 -0. lL 0.00 18 0.15
9

-0.01
-0.10 0.0. I* 0.15 0.00

10 -0,03 0.07 20 u.lh .LI.01

day of the study, August 31, WaS chosen ● m s

calibration date for ●ll bs lances. B-38, the

best pel former, haa paaaed all testa for 438
successive trials. A sutmnary of recalibration

dats ia given in Table III. The current 4-kg

accuracy test had been used to determine when
recslibrntions were to be made. Tne number of

recslibrations for each balance does not seem
to be unduly large ●xcept for 6-05. If the
20-day rule were put into effect, B-05 and B-2.4
would be Jnder very close scrutiny. The last

hldnct

B-o]
a-02
B-OJ
B-oh
B-o:
B-06

B-07
a-on
B-09
9-16
a-18
3-19
u 20
7)-11

d i:
B-24
B-]j
B-?b
B-28
B-))
a-)~
a-~b
B-1o
B-41
a-k]
a-43

TASLS 111

$w04ARYOF McAL1r SATIONS
JUNE 1981 THROUGHAOGUCi1963

Avmraae No. of

humber Of TJtal

~.rc~!ibrst kona OJcrmt in~~-—- . . —.—

18 3s.1
9 326
4 199

12 120
14 311

8 1L2
(scale remwd)

8 108
6 263

189
; 184
3 321
0 411@

11 1?8
21 201

(scale m*plac#4)
396

It 288
II 215
II 348
u 40ba
7 400
3 41Jb
J )68
o 41ba

10 173
14! 130
11 Mb
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rec~rded recalibration for B-05 waa on August

15, 1983. Before April 7, 23 rec~librstions
were required for ● n ●verage of nearly 13 daya
between recalibration.

Although the 20-day rule ia not part of
the current FfCP, B-06 ●veraged 19 daya between

recalibratlona ●nd waa ruplaceu in April 1982.

A frequency of failure test program needs
to recognize that the calibration of a balance
requirea apeci~l akiila. Thiti was tdken into
consideration in Tsble 111. We considered re-

calibration on aucceasive daya sa ● n operator
error ●nd ●xcluded such data. For ●xample, B-01
had three recal\’ ‘ationa within 2 days and W4S

counted ● a curly ~ recalibration.

Some balsncea are difficult tc adjuat and

●ppear worse than they really are. For ln-
atance, B-43 Ilad eix recalibration in a short
period of time but then went 64 days before its
next recalibration; B-43 is probably ● good
balance.

In spite of the practical difficulties ex-

perienced in reviewing lsrge num .a of control

plots, it ia recommended that ~~ntrol plots be
continued ● a ● n op, rational tool in observing
●ccuracy nnd precision test patterna, Control
plots for accuracy teata on B-OS during the
month of April 1983 ● re shown in Fig. 4. There
are five poinLa outside the boundary Izal >
2.58, indicating that the ●ccuracy test failed
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Fig. 4. Accuracy control plot for B-05,
April 1983.



●n incredible five

vealed that ● new
culty in ●djusting

SUMMARY

times. An investigation re- ●nd R. G. Gutmitcher were instrumental in making

operator on duty had diffi- improvements on this report. Unpubli~hed re-
the balance. ports by C. C. Thomas and J. Sapir provided

helpful background material.

The present and cuggegted 14CPU ● re suma- REFERENCE
rized in Table XV. Finally, it is recrnmended
that only balances that give readings to hun- 1. W. S~vere ●nd C. Thoman, “Measurement Con-
dredtt,d of ● ~tram be used. trol Program for In-line N13A Instrument,” NIJC1.
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